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A  three-dimensional numerical model for upwelling has been developed and tested 
under  various boundary  conditions. Gridsize and bo ttom  topography are variable; 
the  driving force is windstress. A  version o f  the model was applied to data  from the 
“ Upwelling 75” experim ent. Certain  wind-induced events observed in the data  are 
reproduced  reasonably  well, although wind inpu t is done by m eans of linear approx ­
imation. Typical upwelling conditions can be achieved and the influence of bottom  
topography  can be shown.
Introduction
It was assumed that da ta  sets available off the N orth ­
west African coast could be in terpre ted  and u n d er ­
stood by a numerical model. Since upwelling must be 
considered as a three-dimensional process off West 
Africa, a new model has been developed. Distinct from 
H urlburt (1974), O ’Brien and H urlburt (1972), and 
Thom pson (1974), the vertical com ponent of the veloc­
ity field is calculated from the law of conservation. The 
convective terms of density transports are also taken 
into account. The aims are a be tte r  understanding of 
the sensitivity of the model, and application to field 
data. To date the m odel has been applied to field data 
from the “Upwelling 75” experiment. T he oceano­
graphic work is described by A non. (1977) and B rock­
mann et al. (1977). The positions of current m eter 
moorings used for comparison are shown in Figure 60.
Model
The model is based on the Navier-Stokes equations, 
the law of conservation, and a density-advection equa ­
tion. Hydrostatic approxim ation is used. T he set of 
equations is given in the A ppendix. The model is three 
dimensional with respect to  space, and has relative bo t­
tom topography. The grid resolution in space is a com ­
promise between different requirem ents. In the region 
of the actual upwelling, the resolution could not be 
coarser than 5 nm. Owing to the limited capacity of the 
com puter available, only a ra ther small area could be 
covered by such a fine grid. The solution would then be
completely determ ined by the boundary  conditions, 
which should be prescribed despite the fact tha t they 
are unknown.
T herefore, in our m odel, the grid increment in­
creases with the distance from the upwelling region. 
W ith this layout, the grid covers the whole N orth 
A tlantic up to the Americas, where plausible boundary 
conditions can be given. The differential equations are 
solved by an explicit difference scheme first set up by 
M aier-R eim er (unpublished). As initial state, a 
uniformly stratified fluid at rest was assumed. The driv­
ing force is windstress. Boundary  conditions are tested 
for the bottom  (slip and non-slip conditions); for the 
walls non-slip is used. In the model layout, all the fea­
tures and advantages of numerical upwelling models 
described in the résumé given by O ’Brien et al. (1977) 
are  included. H ow ever, a disadvantage arose: when 
dealing with surface waves, the Courant-Friedrich- 
Levy criterion requires time steps not greater than 20 
seconds with the chosen grid configuration. So four 
different versions of this surface boundary  condition 
have been tested.
Using the com plete condition
a t  3 t  aç
ws =  +  u T — *■ v31 dx  3 y
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Figure 60. C urren t  m ete r  m oorings and Standard STD stations of "U pw elling  75” .
results in only very small differences (less than 0-01 cm 
for w ater displacem ent and less than  0-001 cm/s for 
velocity). As upwelling is a baroclinic phenom enon , it 
is advantageous to filter ou t barotropic  waves respons­
ible for the strong limitations of the time step. Sugino- 
hara  (1977) and others have successfully used the so- 
called rigid-lid approximation by simply neglecting the 
w ater elevation
By m eans of the condition
w. =  —  * const.
31
with a constant of 100, one obtains stable results. With 
this semi-flexible “ru b b e r” surface, the change of sur­
face elevation with respect to time is assumed to be 
l/100th of the vertical com ponent in the upperm ost 
grid points. This boundary  condition filters out the 
short-period surface waves, and a ttenuates those with
•  c u rre n t m e te rs  





Figure 61. B o ttom  topography  model/actual.
longer periods, which enables the  time step to be 
increased to 300 seconds. With the help of this damping 
the condition of the sea surface is allowed to adjust 
smoothly to the changing wind field, the values of 
which are known only every six hours according to the 
abundance of the experimental data.
Spin-up is perform ed by m eans o f  linearly increasing 
windstress for the various test cases. N orth  and east
wind conditions were investigated for a 14-day period. 
A  test area with bo ttom  topography like tha t during the 
1977 upwelling experim ent was used. While the north  
wind solution yields to the typical upwelling situation 
on the shelf, as observed in the field experim ent, the 
east wind solution shows a longshore com ponent to ­
wards north. The current on the  shelf is considerably 
stronger with the north  wind. The density gradients on
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the shelf norm al to the coast are much sharper with the 
east wind. A  small isolated region of downwelling 
appears at the same position under bo th  north  and east 
winds. This seems to be an effect of the local topo ­
graphy.
A  detailed discussion of various boundary  conditions 
and an application of this model to the “A uftrieb  77” 
data  are in prepara tion  (M eier-Fritsch, 1979).
T he results show the typical upwelling scales, as 
given by Smith (1968). A  small version of the model, 
using non-slip conditions at bo ttom  and walls as well as 
variable bo ttom  topography, has been used for applica­
tion to the data  set of the “Upwelling 75” field experi­
m ent. T he  bo ttom  topography is shown in Figure 61. 
For part of the study a constant vertical austausch coef­
ficient o f  100 g/cm/s and a horizontal, grid-dependent 
one of 0 (1 0 7) g/cm/s has been  used. A lthough the 
results are encouraging, a p roblem  arises from the 
large am ount of cpu-time needed.
T hree  of the surface boundary  conditions were used 
with a so-called “real wind field” (see next section) for 
the  first two and a half m onths of 1975: 1) a rigid-lid 
surface, time step 300 s, 2) a “ru b b er” surface, time 
step 300 s, 3) a free surface, time step 20 s, used as 
comparison for a restricted time only.
Wind field
The 1975 experim ent did not lead to  a sufficient set of 
wind data  for use in a numerical model. Since the 
m odel spin-up takes place from the initial state of no 
m otion, it was im portan t to find a set of wind data for 
all grid points, with time series starting long before the 
experim ental da ta  set. Since the time-series da ta  from 
the meteorological instrum ents on the moorings were 
of poor quality and the use of ship’s da ta  would have 
m eant integrating m easurem ents from variable posi­
tions, no a ttem pt was m ade to  use real data in con­
structing the wind field for the model.
T he best input da ta  would come from a m eteorologi­
cal mesoscale model, but so far, only wind data  from 
synoptic stations are  available. T here  are five stations 
surrounding the test area:
1) W M O /O M M  station 60030 Las Palmas in the
north ,
2) W M O /O M M  station 60096 Villa Cisneros (north ­
east edge of the inner 
grid),
3) W M O /O M M  station 61415 N ouadhibou  (southeast
edge of the inner grid),
4) W M O /O M M  station 8583 M indelo (Cape Verde
Islands; in the south),
5) W M O /O M M  station 8594 Sal (Cape Verde Islands;
in the south).
The available da ta  on wind speed and direction have 
a time interval of six hours. All gaps were rem oved by 
interpolation using splines on the com ponents. M eas­
u rem ents from 1 January  to  15 M arch 1975 w ere used. 
F rom  these data  windstress in longshore and offshore 
com ponents was calculated using the formula
xi = Q ■ c ■ |v,| • v,-; c =  l - 6 x  10- 3 ;
Q =  1-225X10-3 g/cm3; i =  1,2.
The assumption of a drag coefficient c of l - 6 x l 0 -3 
was m ade according to  W ucknitz e t al. (1975) and Bush 
(1973). To calculate windstress for each gridpoint, the 
assumption was m ade tha t longshore and offshore 
changes in the windfield were small enough to allow 
linear approxim ation in each com ponent. This was 
done by means of a least-square fit for each com po­
nent. A s a result inaccuracies arose im mediately in the 
input data; there  was an e rro r due to the deflecting 
influence of the islands. In addition a m ore crucial 
e rror was caused by neglecting the nonlinear terms. 
H ow ever, owing to the fact tha t the com ponents were 
trea ted  separately, a ro tation  in the windfield was still 
possible. F urtherm ore , owing to  the linear approach 
the sea breeze had an effect far offshore. Since C lan­
cy’s results (1975) show an amplifying influence of the 
sea b reeze, it was no t filtered out.
Figure 62 shows some of the wind time series. A ) is 
an unfiltered time series, clearly showing the daily vari­
ations of the sea breeze. B) is a time series calculated 
with the above-m entioned linear approximation. C) 
and D ) are filtered time series from the two coastal 
stations, which are quite different in magnitude and 
slightly different in direction, possibly due to local 
influences. E ) is the filtered input into the m odel at the 
position of m ooring B3, still reproducing the “m a jo r” 
features visible in both of the m easured time series. In 
this sense “m a jo r” features are the prevailing direction 
and fluctuations in am plitude, taking place several 
times during the observation and calculation period. 
T hree  events w ere accentuated: A bo u t 15 February , a 
period with strong winds parallel to  the coast could be 
observed. O n 24 February , a decrease followed by 
rapid increase took  place. O n 28 February , the wind 
tu rned  onshore and  decreased again. Local effects can ­
not be reproduced  by the linear a ttem pt m ade. This is 
seen in Figure 63, which shows the spatial wind dis­
tribution on 25 February  1975, and the time series of 
the  wind m easurem ents at position B1 (Fig. 64, top). 
For this reason, the 1975 m easurem ents  have been 
checked for time series which have good correlation 
with the wind field available. Only stations B1 and  B2 
seem to be com parable  with the input used.
F u rther  difficulties arise from  the fact tha t the model 
uses a closed basin. T o  avoid boundary  problem s, and 
to  reproduce natural phenom ena  as far as m odel limita­
tions allow, the wind was tu rned  m ore  to the west and 




























































































































































Figure 63. Spatial wind distribution , (25 February  1975), com puted .
boundaries, the  wind was reduced  as well. Spin-up was Results
caused by a linearly increasing windstress over 3000
time steps up to the value for 1 January  1975 for each C orresponding to the restrictions o f  the m odel only the
gridpoint. For the calculation itself, the values betw een  main features of the 1975 events can be expected to be
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Figure 64. M odel results (filtered) at m ooring  position B l .  F) W ind input. G )  M easured  values (30 m). H )  “ Rigid-lid' 
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Figure 65. F iltered  wind time series at m ooring  position C l  
(top). F ree surface m odel results at 30 m (bo ttom ).
topography m ake it difficult to find corresponding 
places to  com pare with the 1975 moorings. Beyond 
this, the inner grid area is too small to reproduce typi­
cal mesoscale effects of this area, such as the geo- 
strophic gyre described by Fedoseev (1970). A t this 
stage of investigation, moorings B1 and B2 are consi­
dered to be positions w here the model should have 
some relation to reality. Figure 64 shows stick-plots of: 
F) filtered wind input (F-K are filtered with 32 h half­
power point, 60 weights), G) m easured  time series, H) 
results from the model with rigid lid, I), K) results from
31.1.1975 
0.0 GMT
Figure 66. C o m pu ted  vertical velocity (thick lines) versus m easured  tem pera tu re  (thin lines). Velocity scaled with factor 103.
1 0 m - ---------------- —
20  *  -  ---
30 • -  -  -  -
40 '  a  •  '  '
50 * «I • • • “
200 . j j  . * 1
1000 • » M r
1500 * "  f * 1
• • • • — • * *
—  —  - - •
*
-  * - - ........................... ....
t * 0 *
• »i • • ♦  ■* * ‘ 1 "
.........................
* t f +
* ..........................* * \* *• ......................... • * ■ . •*
»
* r r *
i n ,
• * f * • \ I *'
'  H I  "  • 
M i * ’









11 ^ S12 , , ‘ i  S11 • • * t i S1025 . 2.1975
Figure 67. O ffshore sections at gridpoints on line B (SI 1 ), one grid distance south (S12) and north  (S10). Vertical velocities 
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Figure 68. Florizontal cu rren t  d is tr ibution at various depths (arb itrary  scales, 19 February  1975, at a) 10 m , b) 40 m , c) 200 m , 
d) 1500 m).
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the model with semi-flexible lid below. Figure 65 shows 
the results of the free surface model for a period of a 
few days. Not taking into account that all velocities are 
too  low (which will be discussed later), there seem to 
be -  to a certain extent -  some similarities with the 
measurements.
As the model ou tpu t of a «  (longshore) and v (off­
shore) is calculated at discrete points ( ~  5 km apart), 
there might be a be tte r  correlation with the observed 
data  by interpolating to the same point, which was not 
done for the stick-plots shown. All m arked events, as 
registrations of m ooring B1 show, are wind induced. 
The results of the rigid-lid model show a clearly inertia- 
governed regime. The results of “ru bber” and "free” 
models are quite similar. This comes up to expecta­
tions, as the input wind field has time intervals of six 
hours (=  1080 time steps, free surface m odel, =  72 
time steps, “ru b b e r” surface), which allows the surface 
to  react in time in both models. Besides the visible 
correspondence of some events, Figure 65 (top) shows 
the lack of wind input in the model. The m easured 
winds at mooring C turn through 180° on 15 February 
1975, which cannot be observed in the input used. 
Despite the m odel’s limitations and the assumptions 
m ade, Figure 66 is encouraging. The thin lines are  m ea ­
sured tem peratures while the thick ones are com puted 
vertical velocities -  showing that the model has some 
positive qualities. The wind-driven upwelling events 
are  reproduced quite well. Figure 67 shows instantane­
ous sections with a two-cell circulation, as observed by 
many authors (e .g ., M ittelstaedt, 1976) and com puted 
by others (e .g ., T hom pson, 1974). Finally, Figure 68 
once more points out the im portance of bo ttom  topo ­
graphy.
Future application
The linear construction of the windfield may be one 
reason for the difference in magnitude of com puted 
and observed current speed. In addition there are the 
constant vertical diffusion and the horizontal diffusion 
of 0 (1 0 7). The missing history of the current field 
(prior to 1 January  1975) also has to be taken into 
account. Thus there  are several possible effects which, 
if incorporated, would allow the model to  give more 
realistic velocity values.
T he crucial weaknesses, namely, too few gridpoints 
and the input windfield, will be improved. As pointed 
ou t by Speth et al. (1978), W est African upwelling is 
mainly winddriven. The data  used for tha t study came 
from an analysis of surface pressure from a model with 
grid spacing of abou t 100 km belonging to the Deutsche 
W etterdienst. This da ta  will be used in the model dis­
cussed in this paper as well. Detlefsen and S peth’s 
(1979) results on an empirical factor analysis of surface 
pressure gradients show tha t it should not be difficult to 
improve this model.
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